To develop standards for distinguishing antiarrhythmic drug effect from spontaneous variability of premature ventricular complexes (PVCs), 21 males (mean age 56 ± 8 years) with chronic ischemic heart disease and PVCs underwent symptom-limited treadmill exercise testing and 24-hour ambulatory monitoring before and after 2 weeks of placebo medication. Linear regression analysis was used to describe the relationship between baseline and placebo PVC frequency for various indexes of ventricular ectopic activity and to establish 95% and 99% one-tailed confidence intervals for this relationship within the group of 21 patients. The lower limit of baseline PVC frequency for which the procedure could distinguish a placebo from a true drug response, termed the "sensitivity threshold," was an average frequency of 2.2 PVCs/hour for ambulatory electrocardiographic monitoring and 1.2 PVCs/min for treadmill exercise testing. All patients exceeded the sensitivity threshold on baseline ambulatory ECGs, but only 38% of patients did so on baseline treadmill exercise tests. To establish antiarrhythmic efficacy with 95% confidence, the minimal percent reduction of PVCs between baseline and placebo visits was 68% for treadmill exercise testing and 65% for ambulatory electrocardiography. Although these standards were developed in patients with chronic ischemic heart disease, the model can be used to establish antiarrhythmmic drug efficacy in any patient group.
CONSIDERABLE controversy exists as to the optimal method for assessing an antiarrhythmic drug response.'"23 Some investigators favor exercise test-ing20123 and others favor ambulatory ECG recording."10 Among the latter, controversy still exists as to the optimal duration of control and posttreatment ECG recording and the degree of reduction of premature ventricular complexes (PVCs) necessary to demonstrate drug efficacy.
The problem is even more perplexing for the clinician in applying the standards used by clinical investigators to assess drug efficacy in group studies for patient treatment. The demonstration of drug efficacy in a patient requires that the change in PVC frequency effected by the drug is substantially greater than that which could be ascribed to spontaneous variability alone. Standards to distinguish drug efficacy from spontaneous variability can be established for groups of clinically comparable patients. These standards permit the rational assessment of antiarrhythmic drug efficacy in individual patients.
In this study we used a statistical model based on linear regression analysis to establish the limits of spontaneous variability in a group of patients with chronic ischemic heart disease and asymptomatic PVCs. This model provides the clinician with objective standards for determining whether a true antiarrhythmic drug response is present. Based on this model, we also compared various indexes of ven-tricular ectopic activity on ambulatory ECG and treadmill exercise testing with respect to their usefulness in assessing antiarrhythmic drug efficacy.
Methods Patients
Our patients were 21 males, mean age 56 ± 8 years, who were referred to Stanford University Medical Center. Seventeen patients had a history of documented myocardial infarction longer than 3 months before the study, three had angina pectoris and one patient had no documented evidence of cardiac disease except for frequent PVCs. All patients had previously demonstrated PVCs either at rest or during exercise at least once. To qualify for this study, patients had to have an average of at least six PVCs per hour on a 24hour ambulatory ECG. We believed that patients with a lower PVC frequency would probably not warrant antiarrhythmic therapy, based on the findings of Moss and Akiyama24 and Hinkle et al.,2' that sudden coronary death was related to the presence of higher PVC frequencies in their patients (> 20 per hour and > 10 per thousand beats, respectively). Antiarrhythmic drugs were discontinued at least a week before entry into the study, but other medications were continued without change. Severely symptomatic patients and those who we believed could not safely discontinue antiarrhythmic medication for at least 2 weeks were not considered for the study.
bulatory ECGs were repeated during the fourteenth day of placebo (placebo evaluation).
Exercise Testing
Exercise tests were performed at the same time of day on the two visits, at least 2 hours after eating or smoking. Exercise was performed on a motor-driven treadmill using the Bruce protocol. Tests were symptom-limited and were supervised by a physician and a nurse. The work load was increased every 3 minutes until the appearance of any of the following end points: (1) limiting symptoms of chest pain, dyspnea, fatigue, leg cramps or dizziness; (2) hypotension, i.e., a decrease in systolic blood pressure of 10 mm Hg or more from the peak value obtained earlier during exercise; and (3) ventricular tachycardia, i.e., three or more consecutive PVCs. Twelve-lead ECGs were recorded at rest, at the end of each 3-minute stage of exercise, and at the end of each of 8 minutes of recovery. At the same time, a trained technician recorded minute-by-minute PVCs observed on a three-channel oscilloscope. Ventricular ectopic activity was considered absent when no PVCs occurred during exercise or recovery. Ventricular ectopic activity was further classified as "complex" when patients demonstrated bigeminy or repetitive PVCs (two or more consecutive PVCs).
Ambulatory Electrocardiographic Recording
Ambulatory ECGs were recorded with a twochannel Avionics 445 recorder using modified lead II and V, systems. The tapes were analyzed by Cardio-Dynamics Laboratories, Inc., Los Angeles, California, using the Dyna-gram IIIB Holter ECG Analysis System.26 Accuracy of the system was previously evaluated in 32 patients with ventricular ectopic activity by means of randomly selected 30-minute recordings in which PVC counts on the Dyna-gram IIIB Analyzer were compared to manual counts. The mean sensitivity of this system was 99.7 ± 0.7% and the mean specificity was 99.7 ± 0Q9%.27 Recordings began 3 minutes before treadmill exercise and continued for the next 24 hours. The average duration of recording on baseline evaluation was 20.5 ± 4 hours, and on placebo, 20.8 ± 4 hours. Printout of the results included an hour-by-hour calculation of (1) the average heart rate, (2) the number of isolated PVCs and their morphology, (3) the frequency of repetitive PVCs (two or more consecutive PVCs) or (4) the frequency of PVCs/ 1000 beats. The report also included the average frequency of PVCs/hour of monitoring and the average frequency of PVCs/1000 beats. An example of each "family" of PVCs and of pairs and runs was also obtained on each recording.
Data Analysis
To apply parametric statistical methods to distributions of PVC counts that are generally skewed, log (PVC frequency + I) was used in place of frequency in all analyses. This transformation is used both to stabilize the variance and to normalize the distributions. Mean values for baseline and placebo measurements were compared using paired t tests. Reproducibility of individual responses between baseline and placebo were measured using the product-moment correlation coefficient. Reproducibility of the presence or absence of complex PVCs on treadmill exercise was assessed using the kappa coefficient. 28 To distinguish antiarrhythmic drug efficacy from spontaneous variability of PVCs, linear regression analysis was used to describe the relationship between baseline and placebo PVC frequency for various indexes of ventricular ectopic activity and to establish 95% and 99% one-tailed confidence intervals for this relationship.29 Specifically, the slope and intercept of linear regression were estimated and confidence intervals were computed for the expected placebo response given a specific baseline PVC frequency level. Figure 1 illustrates this analysis for the average PVC frequency/hour on ambulatory electrocardiographic recordings.
In principle, to distinguish a true drug response from a placebo response (spontaneous variability) at the 0.05 or 0.01 level of significance, the single point that describes the placebo and post-drug responses must fall below the 95% or 99% confidence limits. If the baseline frequency is very low, even 100% PVC suppression cannot be distinguished from spontaneous variability at a given level of confidence. The lower Analysis was performed on the log (PVC frequency +1). The corresponding absolute values are shown on the opposing scales. The 95%7 and 99%o confidence lines represent the one-tailed lower confidence intervals for individual data points. The sensitivity threshold is the point at which th.e 95% or 99% confidence line crosses the baseline of PVC frequency. Baseline frequencies below the sensitivity threshold may vary by as much as lOO% between baseline and placebo recordings and cannot be used to evaluate antiarrhythmic drug efficacy.
Results
Average PVC frequency on baseline and placebo evaluations for individual patients is depicted in table 1. The range of PVC frequency on baseline ambulatory ECGs was wide -6-1134 PVCs/hour. Treadmill exercise testing failed to elicit PVCs in patients 3, 7, 9 and 16 at baseline, all of whom demonstrated frequent PVCs on ambulatory ECGs. Ambulatory electrocardiography was also superior to treadmill exercise testing in detecting repetitive PVCs: of 14 patients who demonstrated one or more episodes of repetitive PVCs on baseline ambulatory ECGs, only three did so with treadmill exercise testing (table 1). Figure 2 shows the mean frequencies for the various indexes of ventricular ectopic activity. Measurements obtained on baseline and placebo evaluations were not significantly different when the entire group of 21 patients were considered.
Quantitative indexes of ventricular ectopic activity detected by ambulatory electrocardiography and treadmill exercise testing were found to be highly reproducible (table 2) . On ambulatory ECGs, the most reproducible of these indexes was the average PVC frequency per hour (r = 0.94, p < 0.0005). The limit for which the procedure can distinguish a placebo from a true drug response is termed the "sensitivity threshold" and represents a point at which the 95% or 99% confidence line crosses the baseline axis ( fig. 1 ). The results have been expressed in terms of log (PVC frequency + 1) and in terms of absolute PVC frequency. From these results we determined the percent reduction of PVC frequency necessary to establish drug efficacy at a given confidence level X y X 100
x where x = the baseline PVC frequency and y = the lower confidence limit of the corresponding placebo response.
For example, if x = 9 PVCs/hour, the corresponding point on the 95% confidence line (y 95) is 2.39 and the percent reduction necessary to establish drug efficacy with 95% confidence is 9 -2.39/9 = 73%. This percent reduction in PVC frequency is almost 100% at the sensitivity threshold and stabilizes at a minimal level (minimal percent reduction) as the baseline PVC frequency increases. Table 3 depicts the relationship between the baseline PVC frequency and the percent reduction in PVCs required to establish antiarrhythmic drug efficacy with 95% confidence. The minimal percent reduction for ambulatory electrocardiography and treadmill exercise testing was not significantly different (65% and 68%, respectively). The baseline PVC frequency corresponding to these minimal percent reductions was 30 or more PVCs/hour on ambulatory electrocardiography and nine or more PVCs/min on treadmill exercise tests. The minimal percent reduction in PVCs necessary to establish antiarrhythmic efficacy was higher for other indexes of ventricular ectopic activity (table 2) . Complex PVCs, i.e. presence vs absence, on treadmill exercise testing were poorly reproducible (kappa 0.22, NS) when baseline and placebo tests were compared.
Discussion
In patients with asymptomatic ventricular ectopic activity, the assessment of antiarrhythmic efficacy re- quires objective criteria. Because individual patients may show large degrees of spontaneous PVC variability, it is difficult for the clinician to distinguish true drug response from spontaneous reduction in PVC frequency. 8 The problem has been compounded by conflicting views concerning the choice of methods for such an assessment. 122 We attempted to simulate a clinical situation in which the efficacy of an oral antiarrhythmic drug could be evaluated in the patient with asymptomatic ventricular ectopic activity. Such a patient would have a baseline evaluation with exercise testing and/or a 24-hour ambulatory ECG and a repeat evaluation 2 weeks later while receiving the antiarrhythmic medication to be evaluated. The 2-week interval would ensure that (1) steady-state plasma concentrations of the antiarrhythmic drug had been achieved; (2) washout of previous antiarrhythmic medication had occurred; (3) the patient's short-term tolerance to the medication had been reasonably assessed; (4) the patient's day-to-day routine had not been significantly altered; and (5) changes in the patient's disease state, which might occur during longer intervals, had been avoided.
Using these guidelines, we have tested the reproducibility of PVC responses to treadmill exercise and 24-hour ambulatory ECG monitoring to establish standards for the assessment of antiarrhythmic therapy in patients with asymptomatic ventricular ectopic activity. Patients were given placebo to assess the possible psychologic effects of an oral medication on the spontaneous variability of ventricular ectopic activity. We found PVC frequency to be highly reproducible with 24-hour ambulatory electrocar-dexes of ventricular ectopic activity on ambulatory electrocardiography, the average frequency of PVCs/hour was the most reproducible (r = 0.94, p < 0.0005). It had the lowest sensitivity threshold (2.2 and 4 PVCs/hour for the 95% and 99% confidence levels, respectively), and required the lowest minimal percent reduction in PVC frequency to establish drug efficacy at the 95% and 99% confidence levels (65% and 77%, respectively). Less reproducible indexes of ventricular ectopic activity on ambulatory ECGs had higher sensitivity thresholds. Antiarrhythmic drug efficacy can be evaluated only in patients whose baseline PVC frequency exceeds this threshold. For example, if the average PVC frequency/1000 beats were used instead of the average PVCs/hour, antiarrhythmic drug response could have been evaluated at the 95% confidence level only in the 81% of our population exceeding the baseline threshold frequency of 2.2 PVCs/ 1000 beats, whereas 100% of patients could have been evaluated using the lower threshold frequency of 2.2 PVCs/hour (table 2) . Further, when a less reproducible index of ventricular ectopic activity is used to evaluate drug efficacy, a greater percent reduction in PVCs is necessary to establish drug efficacy at a given confidence level. For example, at the 95% confidence level, the minimal percent reduction in peak PVC frequency/hour is 80%, vs 65% minimal percent reduction for the average PVC frequency/hour. Indexes of ventricular ectopic activity that require a large percent reduction of PVCs for evaluation of antiarrhythmic efficacy are less practical than those that require a smaller percent reduction.
The average frequency of PVCs/min during exercise or recovery was also found to be the most reproducible of the two quantitative indexes of ventricular ectopic activity on treadmill exercise testing (table 2). The sensitivity threshold and the minimal percent reduction of PVCs required to establish drug efficacy at the 95% confidence interval were both lower for average frequency/min of treadmill induced PVCs than for peak PVC frequency/min (1.2/min and 68% vs 4.1 /min and 89%, respectively [table 3]). Complex PVCs on treadmill exercise testing were poorly reproducible and could not be used to assess drug efficacy.
Treadmill exercise testing was less effective than ambulatory electrocardiography in assessing antiarrhythmic drug efficacy: fewer than 40% of our patients exceeded the baseline threshold frequency of PVCs required to evaluate antiarrhythmic drug efficacy. On the other hand, in patients who exceeded this threshold frequency of PVCs on exercise testing, the reduction in average frequency of PVCs/hour required to demonstrate drug efficacy was similar to that of ambulatory electrocardiography, 68% vs 65%, respectively. This suggests that treadmill exercise testing can be used in lieu of ambulatory electrocardiography for evaluating antiarrhythmic drug efficacy in patients with higher frequencies of PVCs, i.e. more than 1.2 average PVCs/min during exercise or recovery.
The percent reduction of PVCs required to establish diography and treadmill exercise testing. Among in- The uppermost (interrupted) line represents the author's reported goal of 83% reduction in baseline PVC frequency. The lower two lines represent our reanalysis of the data of Morganroth et al. using analysis of variance (ANO VA )for two-tailed and one-tailed 95% confidence levels ofsignificance. The minimal percent reduction necessary to establish drug efficacy with two-tailed 95% confidence and with one-tailed 95% confidence is 73% and 65%, respectively. (B) Regression analysis was used to determine the percent reduction in baseline PVC frequency required to establish drug efficacy with 95%o confidence (one-tailed). In Patients with coronary artery disease and ventricular arrhythmia may have different degrees of variability than those with mitral valve prolapse or cardiomyopathy. We evaluated a relatively homogeneous group of patients with coronary artery disease, most of whom had a history of myocardial infarction. Our standards for antiarrhythmic drug efficacy are therefore most directly applicable to clinically similar patients.
Unstable Clinical State of Patients
The frequency of PVCs tends to be less reproducible soon after myocardial infarction than at a later phase of convalescence.28 To ensure that our patients were in a clinically stable state, we excluded those with a history of unstable angina pectoris or myocardial infarction less than 3 months old. Furthermore we tested patients within 2 weeks, an interval short enough to avoid changes in PVC frequency attributable to changes in clinical state alone.
Spontaneous Variability of Arrhythmia
Numerous studies have demonstrated marked hourly variations in the frequency of PVCs on am-bulatory electrocardiographic recordings,8" 10 a phenomenon also observed in the present study. Therefore, different segments of the same day should probably not be used to evaluate the response to antiarrhytmic medication. For example, an 8-hour segment from a given day should not be used as a baseline measurement for the next 8-hour segment, but rather for the same 8-hour segment of another day. We, as well as others," 6s 10 recommend that at least 24 hours of ambulatory electrocardiographic recording be used as a control period to antiarrhythmic drug efficacy. This duration of recording circumvents the problem of diurnal variation and is logistically feasible with regard to expense, time and patient inconvenience.
The Effects of Hospitalization
Several recent reports of antiarrhythmic drug efficacy have studied hospitalized patients.8 10 However, hospitalization itself may significantly decrease PVC frequency, exaggerating "spontaneous variability" that occurs from day to day. This fact must be considered when drug trials are conducted under circumstances different from those encountered by patients in their day-to-day activities. The complicating effects of hospitalization were avoided altogether in the present study.
Differences in Statistical Analysis
Morganroth et al. 10 recently reported that a reduction of 83% of the average PVC frequency per hour on 1177 VOL 62, No 6, DECEMBER 1980 24-hour ambulatory ECGs was necessary to establish antiarrhythmic drug efficacy with 95% confidence. We believe this analysis suffers several statistical shortcomings: The authors have used a repeated measures analysis of variance to calculate day-to-day and hourto-hour variability of PVC frequency in a sample of 15 patients tested by consecutive 24-hour ECGs. This type of analysis is based on the assumption of independent errors. Data collected as these were, in consecutive 1-hour periods, are unlikely to satisfy this assumption.30 Further, the authors claim to have used a pure model II or "random-effects" model in their analysis. However, the choice of hour and day periods was not randomly selected, so a "mixed model" would have been more appropriate.30 Another statistical shortcoming in the analysis of Morganroth et al. was the choice of a two-tailed approximate confidence interval rather than an exact one-tailed one, when the hypothesis of interest appears to be one-tailed: Is there a significant decrease in PVC frequency? Morganroth et al. also obtained confidence intervals for mean natural logarithm (In) (PVC frequency + 1). However, the meanIn (PVC frequency + 1) is not the same as In (mean PVC frequency + 1). These confidence intervals cannot be directly translated into absolute PVC frequencies as the authors have done. In our statistical approach, we obtained confidence intervals on In (PVC frequency + 1) of individual measurements but not on the means.
We reanalyzed the data from Morganroth et al. using a mixed-model analysis of variance on 24-hour PVC frequencies, verifying the assumption of equal variances in this case and using exact one-tailed 95% confidence intervals. The results of this analysis differ from those reported by the authors. For example, we found the minimal percent reduction required to establish drug efficacy at the 95% one-tailed confidence level to be 65%, not 83% ( fig. 3 ). On the other hand, our analysis of the data of Morganroth et al. coincides remarkably with the results of our own data with respect to the minimal percent reduction of average PVC frequency/hour on 24-hour ambulatory ECGs i.e., 65%, required to demonstrate antiarrhythmic drug efficacy at the 95% confidence level. This similarity of the two studies supports the validity of the model we have used. It also suggests that patients with diseases other than coronary artery disease, those who have high PVC frequencies, and those who are tested at intervals shorter than 2 weeks may show similar degrees of spontaneous variability. This broadens the applicability of the standards derived from our patients.
